Profile fitting of energy-dispersive (ED) X-ray diffraction spectra of GeO2 polymorphs, hexagonal (P3221, Z = 3) and tetragonal (P4Jmmm, Z = 2), was examined under high-pressure and hightemperature conditions. These ED spectra were observed with a diamond-anvil cell on a synchrotron-radiation source. Structure refinement of hexagonal GeO2 at several pressures was made, in which diffraction intensities were corrected for the energy spectrum of the incident radiation, escape efficiency of the detector, background scattering and absorption. It was confirmed that the Gc O distances in hexagonal GeO2 vary little with pressure, whereas the mean O--O distance and volume of the GeO4 tetrahedron decrease linearly with pressure. The decrease in the Ge--O--Ge linking angle between tetrahedra causes the deformation of the framework composed of corner-linked tetrahedra, which is mainly responsible for the bulk volume compression. The bulk modulus of the two polymorphs has been calculated on the basis of the volumetric compressibility up to 10 GPa.
Introduction
There are many discussions on crystal structure analysis based on neutron or X-ray powder diffraction (e.g. Parrish, Huang & Ayers, 1976; Young, Mackie & Von Dreele, 1977; Malmros & Thomas, 1977) . Since synchrotron radiation (SR) has been made available for powder diffraction studies, the accuracy of structure determinations has been significantly increased (Parrish & Hart, 1985; Cox, Hastings, Thomlinson & Prewitt, 1986) .
These structure studies have been made by the angle-dispersive diffraction method. However, since the development of a diamond-anvil cell as a miniature high-pressure apparatus by Merrill & Basset (1974) for diffraction studies, many investigations under high pressure have been made using the 0021-8898/91/020111-08503.00 energy-dispersive (ED) diffraction method (e.g. Skelton, Kirkland & Quadri, 1982) . The ED method with synchrotron radiation has a great advantage for diffraction studies under high pressure such as phase determination, lattice-parameter measurement and kinetic study of pressure-induced transitions (Will, Bellotto, Parrish & Hart, 1988) .
With respect to ED diffractometry, several discussions on the diffraction intensity have been published, e.g. Buras, Olsen, Gerward, Selsmark & Andersen (1975) . Wilson (1973) , Gerward, Morup & Topsoe (1976) , Fukamachi, Hosoya & Terasaki (1973) and McNelles & Cambell (1975) have discussed profile analysis. Structure refinement by ED profile analysis at room conditions was discussed by Glazer, Hidaka & Bordas (1978) .
The present authors performed the structure refinements of GeO2 as a function of pressure by a newly devised ED system. The profile fitting of the ED spectra was carried out after consideration of various corrections for the diffraction intensities. The results are described in what follows.
Experimental

High pressure and heating system
A diamond-anvil pressure cell with a platinum ring heater (Yamanaka, Ogata, Sugiyama & Tokonami, 1986) generates pressures up to 30 GPa and temperatures up to 823 K. A stainless-steel plate gasket 300 t~m thick with a hole of 300 Ixm diameter was used for the powder sample of GeO2 together with the pressure-transmitting medium, a mixture of methanol and ethanol. The pressure cell was set on the spinner which was rotated at a rate of 3 rev min-l around the q~ axis and oscillated by +--5 ° around the o~ axis (Fig. 1) . The spinner was used for randomization of the sample orientation and for reducing the effect of grain growth. It was placed on a diffractometer designed for powder and molten-salt structure analysis (Yamanaka, Takeuchi, Tokonami, Matsumoto & Kotoh, 1983) . The incident beam was collimated to 50 ~m diameter by a quadrant slit to take account of the size of the gasket hole of the diamond-anvil cell.
The sample pressure was determined from the equation of state using lattice constants of NaC1 (Decker, 1971 ) and the sample temperature was measured by a chromel-alumel thermocouple.
Intensity measurement of ED spectra
Synchrotron radiation (SR) X-rays having a continuous spectral distribution without any characteristic radiation is superior to conventional Bremsstrahlung X-rays from rotating-anode targets or sealed-off tubes. SR X-rays from a bending magnet in the storage ring at the Photon Factory were used for diffraction measurement in the present investigation.
A Ge (intrinsic) solid-state detector (SSD) was used to measure photons of energy in the range 10 to 40keV. Photon counting efficiency showed a discontinuity at the Ge K-absorption edge (11.103 keV). Therefore, the angular position 0 of the SSD was set so that all diffraction peaks appeared beyond the energy of the absorption edge. ' To take into consideration both the solid opening angle of the diamond anvil and the energy dependence of the counting efficiency of the Ge (intrinsic) SSD, the ED spectra were taken with the SSD set at 0 = 6.5 and 10 °.
Assignment of 4096 channels of a multichannel analyzer to the photon energy was made by measuring the fluorescences of Ka and Kfl radiations of Ti, Ni, Y, Mo, Mn, Zn, Se and Zr elements in the form of a powder mixture. A linearity between the channel number and the energy was confirmed within 1%.
A thin zinc foil was used as a filter to eliminate the fluorescence radiation emitted from germanium in the sample.
Corrections to the diffraction intensity
Corrections to intensities in ED X-ray diffractometry are made in advance of the structure refinement (e.g. Nishikawa & Iijima, 1984) . In order to examine the spectral intensity distribution of the incident beam, we measured the intensity while varying the energy of reflections from a silicon crystal plate cut parallel to (111). The observed energy spectrum is shown in Fig. 2 . It can be expressed with a Bessel function. The operating conditions of the storage ring were: electron energy 2.5 GeV; radius of curvature of the electron orbit 8.33 m; beam current 220-120mA. The critical wavelength Ac was 2.98A (4.15 keV).
The photon counting efficiency of the SSD was determined in the relevant energy region using the nuclear decay of the radioactive isotope 241Am. Miscounting in intensity measurement was mainly due to the pile up resulting from the overlapping of pulse waves at the time of pulse-height analysis. The primary-beam intensity was adjusted by the quadrant slit in order to prevent the number of photons from exceeding 1.5 x 10 3 counts s-i for all channels. The dead time was kept within 5%.
Correction for the escape peak intensity.
Escape energies from the Ge SSD are produced when the photon energy is larger than that of the Ge K-absorption edge. In addition to Bragg peaks in the ED spectra, accompanying escape peaks appear at the positions given by EBragg = -9"87 keV. Evalu- ation of the escape efficiency e(E) as a function of photon energy was made for the purpose of intensity correction. The relation of the observed integrated intensity of the diffraction peak lobs(E) to the true intensity 10(E) is expressed as
The intensity of the escape peak is given by
where E~, is the energy of the Ge K radiation. The dependency of e(E) on the energy shown in Fig. 3 was obtained by measuring the integrated intensity of the hhh reflections from the Si singlecrystal plate. Measurement was carried out by varying the angular position 0 of the SSD. The escape efficiency was expressed in the form of the following exponential function:
( 3) 2.3.2. Correction for background intensity. The ED spectrum of GeO2 under high pressure in a diamondanvil cell had an enormous background, which was produced by the pressure-transmitting medium and the increasing elastic distortion in the diamond crystal at high pressures.
The best fitting function of the background intensity B(Ei) was found to be a sum of a linear function and a modified pseudo-Voigt function:
where a, b and P are variable parameters. F and r/ are the full width at half maximum (FWHM) and the fraction of Gaussian component, respectively. As seen in Fig. 4 , about twenty observed points in the background were selected for least-squares fitting. The incoherent scattering due to the Compton effect gives rise to a background with an aperiodic Fig. 3 . Intensity ratio of the escape peak to that of the Bragg reflection peak as a function of energy. Si single-crystal plate cut parallel to (111) was used for the measurement. intensity distribution. However, a correction for the Compton effect was not made in the present investigation.
Energy-dispersive diffraction profile
The integrated intensity of the reflection H can be derived by the following equation:
where Is(E,) indicates the source intensity at the energy E/y of the reflection H, P is the multiplicity factor, F/y is the structure factor of reflection H, B is the temperature factor and A(EH) is the X-ray absorption term. The energy of reflection H can be determined from EH = 12.40 keV/2dHsinO, where 0 is the angular position of the detector.
Since SR has an approximately horizontal polarization, the polarization factor can be regarded as unity. The X-ray absorption varies with the photon energy. Mass absorption coefficients tz,,/p of all elements present in the beam path, sample, diamond and Zn filter, are derived from the empirical equation of Victoreen (1948 Victoreen ( , 1949 :
The coefficients C~, D1, 8k-, were taken from International Tables for X-ray Crystallography (Kasper & Lonsdale, 1959) . N denotes the Avogadro number, Z the atomic number and A an atomic mass. Since germanium has an absorption edge in the measured energy range, two different sets of C~ and D~ had to be taken into account. The absorption factors were individually obtained by A(E,) = exp(-/zL), where L represents the X-ray pass length in cm. Fig. 4 . Least-squares fitting of the background intensity in the ED spectrum of GeO2 at 2.9 GPa and 493 K with a detector set at 0 = 6.5. Fluorescence of Ge is eliminated by a zinc foil filter. (5) 1"0052 1.0065 1.0225 1.1332 0"0001 713 5"032 (1) 5"698 (2) 124"93 (10) 1"0072 1.0078 1.0276 1.1324 0"0001 788 5"041 (2) 5"705 (3) 125.55 (18) 1"0090 1"0090 1"0327 1-1317 0.0001 853 5"042 (1) 5"703 (2) 125"60 (11) 1.0092 1.0086 1"0331 1"1311 gasket hole was estimated to be 50 I~m and that of the zinc foil filter 10 I~m. Absorption of GeO2, diamond and the Zn foil is shown as a function of energy in Fig. 2 . Several peak-shape functions such as Gaussian, Lorentzian, Pearson VII, Voigtian and other polynomials were tried for the profile analyses of the angular-dispersive powder diffraction pattern. An optimum peak-shape function has to be found for the fitting of the ED profile patterns. Glazer et al. (1978) applied a Gaussian function for profile fitting. However, in the present profile analysis, the pseudo-Voigt function was used to ensure higher accuracy. The function was shown to give the most promising results for X-ray diffraction analysis by Young & Wiles (1982) and de Keijser, Mittemeijer & Rozendaal (1983) . The function is the sum of a Gaussian and a Lorentzian.
The intensity of the ED profile is expressed by the following equation: y(AE~n) = c[~Texp(-X 2) + (1 -~7)(1 + y2)-1], (7) where dEin = E~ -E/~, X = 2AEJFn(Gauss), Y = 2dE~n/Fn(Lorentz). F~Gauss) and Fn(Lorentz) are the FWHM of the Gaussian and Lorentzian components, respectively. The FWHM of the ED diffraction profile increases with energy. The energy dependence of the FWHM in the observed energy region was expressed by an empirical formula
where U and V are variable parameters. The profile decomposition method used in the present investigation divides the overlapped diffraction patterns into the individual reflection profiles resulting from the optimization of integrated intensity, peak position, profile pattern parameters (FWHM, peak height, Gaussian fraction) and background.
The integrated intensity /I-/ derived from (5) is converted into the diffraction intensities yo(E~) of the respective energies in accordance with the following formula:
where B(E~) is the background intensity defined by (4) and y(AE~H) is the profile function defined by (7). (1982) Least-squares calculation applied to the observed intensities Yobs(Ei) in 4096 channels optimizes the structure factor Fk of GeO2 under pressure, the scale factor, lattice parameters, atomic positional parameters, profile parameter and background by the minimization of the standard deviation
The damped Gauss-Newton method was used as the nonlinear minimum square method for the parameter refinement.
Three kinds of reliability factors were prepared for the judgment of the profile fitting
Results
Lattice parameters as a function of pressure
There are two polymorphs of GeO2, one isostructural to a-quartz (P3221, Z = 3) and the other with a rutile-type structure (P4z/mmm, Z = 2). The former is stable at high temperatures and has a framework structure composed of GeO4 tetrahedra. The latter is stabilized under high pressure and Ge atoms are sixfold coordinated. This is the same structure as that of stishovite, one SiO2 polymorph.
Lattice parameters and the unit-cell volume of the two GeO2 polymorphs (Table 1) were determined at various pressures up to about 10 GPa and at temperatures up to 853 K using the diamond-anvil highpressure cell and a platinum heater.
The energy resolution (6E) of the SSD is related to the accuracy of the determination of the d value, dn can be measured from d~, = 12.40 keV/2(Ei-6E)sin0. The precision of dn(A) varies with the angular position (0) of the detector. A commercially available SSD used in the present experiment had an energy resolution of 165 eV at the energy of Mn Ka fluorescence, which decreases with energy. The systematic error Ad which depends on the energy of the diffraction peaks was less than _+0-005 A, but larger than +0.001 A, i.e. dd/d is less than 0.001. Since the lattice parameters can be determined by the least-squares method from dN of the diffraction peaks, a precision of 0.001 ,~ can be ensured.
Compressibilities and thermal expansion coefficients calculated from lattice parameters and unit-cell volume of the two polymorphs are expressed in the following quadratic equation as a function of pressure P(GPa) and temperature T(K): The coefficients of the hexagonal (a-quartz-type) structure are much larger than those of the tetragonal (rutile-or stishovite-type) structure. This feature is shown in Fig. 5 and is consistent with the fact that the latter is the high-pressure form and has a more condensed packing of the structure. The isothermal bulk moduli (Table 2 ) of the two polymorphs were calculated by referring to the Birch-Murnagan equation (Birch, 1978; Voronov, 1976) . Those of SiO2 polymorphs, quartz, coesite and stishovite (Levien, Prewitt & Weidner, 1980; Levien & Prewitt, 1981; Sato, 1977; Olinger, 1976; Weidner & Bass, 1982) are also presented in Table 2 . The bulk modulus of each GeO2 polymorph is much larger than that of the corresponding SiO2 polymorph.
Structure refinement
Structure refinements of hexagonal GeO2 at four pressures (0-0001, 1-69, 3.55, 4.58 GPa) and room temperature and at 2.9 GPa and 493 K were carried out by the profile fitting. ED diffraction intensities y(Ei) from l0 to 40 keV were measured with the detector set at angles 13 and 20 ° in 20 and diffraction peaks having d values between 5.472 and 0-892 ~ were included in the structure refinement. As an example of the least-squares pattern fitting, the final result of the hexagonal-type GeO2 at 2.9 GPa and 493 K is shown in Fig. 6 . The converged profile parameters are: overall scale factor = 6.3463 (3); Gaussian fraction [equation (7)] r/= 0"817 (5); FWHM [equation (8) The refined atomic coordinates and isotropic temperature factors are presented in Table 3 , in which reliability factors RD and Rs are also listed. The atomic coordinates of Ge and O atoms at room temperature agree well with those refined by singlecrystal diffractometry (Smith & Isaacs, 1964) . At higher pressure, ED spectra indicate the presence of larger background and larger pressure gradient in the pressure cell. The poor reliability factors were due to the background. An extremely large background from the pressure-transmitting medium had an enor-7500 I01 mous effect on the refinement. Since the measurable energy range was limited by the tapered opening angle of the diamond-anvil cell, the ED spectra used for the profile fitting were restricted. Bond distances Gc O and O--O in the GeO4 tetrahedron, interatomic O--Gc O angles and the volume of the tetrahedron are calculated from the refined atomic coordinates (Table 3 ). The tetrahedral linking angle of Gc O---Ge and the nearest interatomic distance Gc Ge, which are indicators of deformation of the tetrahedral framework structures, are also presented in Table 3 .
As mentioned above, SR is suitable for ED diffraction study. However, the source identity from the bending magnet is relatively low at higher energies. Accordingly, higher-order reflections have very weak diffraction intensities, resulting in low reliability. This drawback will be improved by using radiation from a multipole wiggler.
Discussion
It has been confirmed that the mean Gc O bond distance in the hexagonal GeO2 structure varies little with pressure, whereas the mean O---O and the volume of the GeO4 tetrahedron slightly decrease. The O O distances and O---Gc O angles show that the distortion of the regular tetrahedron is increased with pressure.
Since the hexagonal structure isostructural to a-quartz is characterized by the framework structure of tetrahedra, the compression of the unit-cell volume was thought to be due not only to the decrease in the volume of the tetrahedron but also to the decrease in the Gc O--Ge linkage angle between tetrahedra which causes a deformation of the framework. The latter is found to have a dominant effect on the compression of the unit-cell volume. The linking angle is changed from 130 ° at room pressure to 125 ° at 4.58 GPa. This brings the decrease in the void space in the unit-cell volume.
The variation of the structural geometry of GeO2 with pressure is very similar to that of a-quartz, SiO2, which was clarified by single-crystal diffractometry by Levien et al. (1980) and Ogata, Takeuchi & Kudoh, (1987) . They have elucidated the effects of temperature or pressure on the framework of the silicate tetrahedra. As the tetrahedron of a-quartz is regarded as a rigid body, intratetrahedral bond distances are not changed with pressure in spite of the decrease in the unit-cell volume, whereas the intertetrahedral linkage angle Si--O--Si does change. This change is responsible for the volume compression.
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2.804 (4) 2.782 (5) 2-769 (7) 2-770 (7) 2"771 (7) 2"805 2.849 (6) 2.851 (8) 2.880 (8) 2.879 (8) 2"856 (8) 2860 2"908 (5) 2.912 (6) 2.905 (6) 2-907 (7) 2913 (7) 2.902 2.783 (4) 2"769 (4) 2.758 (7) 2.755 (8) 2-768 (6) 2.783 2-839 (4) 2.832 (6) 2.829 (6) 2-829 (8) 2-832 (7) 2-839 (5) (5) (4) (4) (4) tilting of polyhedra (Hazen & Finger, 1982) . The hexagonal GeO2 structure is such a case. Besides the tetrahedron tilting, the distortion of tetrahedra of GeO4 increases with increasing pressure. Since the Ge--O bonding force is strong enough to maintain a rigid body, the change of the cubic O-atom packing with pressure has the main affect on the volume compressibility. The small volumetric thermal expansion of the hexagonal GeO2 structure (see Table 1 ) can be explained by the cooperative tilting of tetrahedra. According to the structure refinement at 2.9 GPa and 493 K, the effect of temperature on the structure appears to be insignificant in the P-T range explored in this work.
